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Abstract: Laser powder bed metal additive manufacturing (AM) has been widely accepted by the industry 

to manufacture end-use components with complex geometry to achieve desirable performance (i.e. 

conformal cooling). However, residual stress and large deformation introduced in the laser AM process 

leads to severe issues, such as cracks, delamination, and large deformation. These issues result in the 

stoppage of powder spreading and warpage of the component. To overcome these issues, a novel 

optimization framework based on fast process modeling is proposed to find the optimal build orientation 

by minimizing the maximum residual stress and support structure volume. For support generation, a voxel-

based methodology is proposed to systematically capture support surfaces from STL file, form support 

structure, and generate Cartesian mesh for fast process modeling. Instead of using conformal mesh, the 

voxel-based fictitious domain method is used to calculate the stress distribution in the design domain 

including the support structure, which is represented by the homogenized model. This can circumvent time-

consuming mesh generation for geometrically complex geometry and its support structure during the 

optimization iterations, thus making it possible to minimize residual stress through orientation optimization 

based on process modeling. Due to its self-supporting and open-cell nature, lattice structure is employed as 

the support structure to anchor the overhangs to the substrate to prevent distortion resulting from residual 

stress. Asymptotic homogenization (AH) method is employed to compute the effective properties of lattice 

structure, while a multiscale model is proposed to compute the yield strength. In particular, the multi-

objective optimization including both the residual stress and support volume is discussed and investigated 

in this work. Experimental validation is conducted on a realistic component with some geometric 

complexity. By comparing the component and support structure without build orientation optimization, it 

is found that the proposed framework can significantly reduce the influence of the residual stress on the 

printed part, ensure the manufacturability of the design, and decrease the material consumption for the 

sacrificial support structure simultaneously. 
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1. Introduction 

The technology of interest in this work is powder bed metal additive manufacturing (AM), which has been 

widely accepted by industry to produce highly valuable component, such as customized implant, conformal 

cooling for mold manufacturing, fuel nozzle, etc. It is a manufacturing process that a laser or electron beam 

is used to selectively melt a metallic powder layer according to the contour of sliced computer-aided design 

(CAD) model, refer to Fig. 1. Once a layer of powder is melted and solidified, the build tray is moved 

downward, and a fresh layer of powder is uniformly deposited upon the previous layer for next build. The 

cycle of deposition, melting and solidification continues until the bulk component is completely 

manufactured. Since the laser/electron beam only melts the powders in selected locations based on the CAD 

model, it is possible to apply metal AM process to build components with complex geometry and realize 

functional performance [1]. 

 

Fig. 1. Schematic view of powder bed metal AM process. 

However, in practice, there are several issues preventing metal AM from broad adoption: Residual stress, 

and residual distortion introduced in powder melting and solidification processes [2-4]. Residual stress 

leads to undesirable cracks, delamination, and warpage during AM, which can stop the powder spreading 

process and result in failures of the builds. This not only lengths product manufacturing, leads to a waste 

of material, energy and time, but also requires extra efforts for designers to change the design. Figure 2(a) 

illustrates such issue, in which the cracked and deformed component stops the powder deposition, leading 

to a failure build. Another challenge is the large deformation generated by residual stresses after the 

component is removed from substrate. The deformation results in limited load resistance, dimensional 

inaccuracy, and reduction of fatigue performance of the component to more than 10 times compared with 

the conventional bulk material [5, 6]. As illustrated in Fig. 2 (b), an implant was successfully printed out in 

Ti6Al4V using laser powder bed AM, but once it was cut from the build tray, the inherent residual stresses 

lead to undesirable deformation.  
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                                          (a)                                                                             (b) 

Fig. 2. Residual stress and large deformation of metal AM: (a) failed build due to residual stress during 

the manufacturing; (b) implant is deformed after removal from the building chamber. 

On the other hand, support structures (e.g. the structures highlighted by white dash line in Fig. 2) are 

required in metal AM to support overhangs of the component to ensure manufacturability. These support 

structures are fabricated simultaneously with the component to anchor the parts and dissipate heat to the 

build tray in order to prevent distortion/delamination caused by residual stresses. There is a number of 

published works in the past in the areas of support structure design for AM techniques. Allen et al. [7] 

proposed the best directional formation for an object to obtain minimal support structure. Frank et al. [8] 

developed an expert system tool to interact with users to select the best build orientation for better 

performance of the built component. Alexander et al. [9] developed a method to optimize part orientation 

to minimize build cost. Xu et al. [10] discussed the section of build orientation for four types of AM 

processes and proposed an orientation optimization with multiple criteria, such as building inaccuracy, 

manufacturing time and building cost. Lan et al. [11] developed an algorithm for stereolithography 

apparatus to find a desirable fabrication orientation for a given design based on considerations of surface 

quality, build time, and complexity of support structures. Masood et al. [12] presented a generic 

mathematical algorithm to find the best orientation to achieve minimum volumetric error. For fused 

deposition process, Thrimurthulu et al. [13] applied genetic algorithm to determine an optimum part 

deposition orientation to enhance part surface finish and reduce build time. Recently, Mumtaz et al. [14] 

developed a method for metal powder bed AM processes to eliminate the need for supports. Strano et al.[15] 

presented an approach to optimize part-built orientation and support cellular structure. Hussein et al.[16] 

experimentally investigated influences of low-volume fraction lattice structures on the design of support 

structure for powder-bed direct metal laser sintering (DMLS) machine. Galigonano et al. [17] applied 

Taguchi method to optimize support structure and conducted experiment to investigate the 

manufacturability of overhanging structures for SLM process. Most recently, Vaidya et al. [18] developed 

an approach for minimizing support structures with space cellular infill combined with Dijkstra’s shortest 

path method to generate optimized support structure. Paul et al. [19] proposed a voxel-based framework to 

generate support structure and developed a multi-objective method to minimize support volume, the 

cylindricity and flatness errors simultaneously. Following the work of Paul [19], Das et al. [20, 21] proposed 

a method to minimize part errors in AM through the selection of build orientation for optimal support 

structures.  

However, most of these previous researches focused on geometric perspectives, and few works have been 

proposed to take the residual stress into consideration for metal AM to ensure manufacturability. For simple 

geometry, the stress problem can be addressed by manually changing the build orientation through trail-

and-error. For component with complex geometry, this empirical approach may not work, and more 
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effective methodology needs to be developed to minimize residual stress. Nevertheless, there are several 

barriers preventing development of such optimization method. First, due to the complexity of laser 

manufacturing process, it is time-consuming to obtain residual stress and distortion distribution through 

detailed process simulation. In general, it takes tens of hours or days to complete process simulation of a 

simple component in general. This makes it impractical to find optimal orientation considering hundreds of 

iterations required by the optimization methods. Second, mesh generation for complex geometry and its 

support structure is computationally expensive and often error-prone when pure Cartesian grids are desired, 

or when the bulk component is rotated in the printing space to seek optimal orientation and the layerwise 

mesh along the building direction is required. Third, problems arise when the mesh generation and finite 

element analysis (FEA) is considered for support structure. The typically used support structure consists of 

straight rectangular solid walls or cellular structure [7, 15, 16], which is self-support, lightweight and loose 

enough to be easily removed. However, from the simulation point of view, it is difficult to generate efficient 

mesh for these tiny structures, and thus leads to error estimation for residual stress in support structure 

where most cracks and delamination are observed. Due to these barriers, an efficient approach to ensure 

manufacturability of AM components through optimization of build orientation is difficult to achieve 

together with other objectives, such as surface finish [22], dimensional accuracy [7, 19], volume of support 

structure, [18-20] etc. 

The aim of this work is to develop a robust computational framework to address the aforementioned 

problems by systematically optimizing the orientation of a component to reduce the maximum residual 

stress, and at the same time minimize volume of support structure to reduce manufacturing cost. There are 

two major contributions in this work. First, a voxel-based approach is developed to generate Cartesian mesh 

for both manufactured part and its support structures required for any part build orientations. Differentiating 

from previous works [19, 20], in this work, overhangs requiring support structure from stereolithography 

(STL) file are divided into three categories: Facets, edges, and points. Based on this new categorization, a 

geometry with extraordinary feature (i.e. pine feature) at any given orientation can be properly supported, 

with neither extra support [19] nor less support in [20]. Furthermore, a base plate whose dimension is equal 

to the envelope box of the bulk component is generated at the bottom of support structure for simulation. 

Second, a fictitious domain method [23-26] based-framework that integrates fast process simulation [27-

30] with aforementioned Cartesian mesh generation, support structure detection and asymptotic 

homogenization [1, 31] is proposed to rapidly compute residual stresses within the built component and its 

support structures. This integration avoids the error-prone body-fit mesh generation, simplifies the complex 

thermomechanical process by a pure static mechanical analysis, and thus mitigates the expensive 

computation cost for simulation of the complex physics in metal AM for part-scale problem. In this work, 

three different lattice structures are studied for support structure design. In short, the obstacles mentioned 

in previous paragraphs are overcome, and making it possible to using optimization method to minimize 

maximum residual stress and volume of support through adjustment of part orientation. 

The remaining content is organized as follows. In section 2, the voxel-based mesh generation and support 

volume calculation for any part orientation is introduced and compared with the previous works. Section 3 

introduces the computational framework to perform analysis of AM component including the 

homogenization and multiscale model for lattice structure, and implementation of inherent strain method 

and finite cell method for fast process modeling. Section 4 describes the multi-objective optimization 

strategy to minimize maximum residual stress along with minimization of volume of support structure. In 

section 5, several numerical examples are studied and investigated based on the proposed optimization 

strategy, and the optimal designs are printed out for comparison purpose. 
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2. Voxel-based Support and Mesh Generation 

One key step of minimization for support volume and simulation-based orientation optimization is the mesh 

generation. Especially when the bulk component is randomly rotated in the manufacturing space, the 

method that can rapidly generate mesh for both the component and its support structure along build direction 

is necessary. In general, conformal mesh is employed in finite element analysis (FEA) to provide accurate 

description. This is easy to achieve for component with simple geometry, while for structures of highly 

complex geometry (i.e. aerospace component for metal AM shown in Fig. 3), severe problems are 

encountered for conformal mesh generation [32]. It is because the translation from computer-aided design 

(CAD) model to finite element (FE) discretization is extremely computational expensive, and the generation 

of the conformal mesh is hardly automated and error-prone, which normally requires extra effort for trial-

and-error by the users [24]. On the other hand, the generation of support structure for complex geometry 

based on CAD model is also time-consuming, due to the construction of support structure using thin wall 

features [21, 33] or lattice structures [16, 18, 34]. The mesh generation for these support structure can also 

lead to high computational cost, making it impractical to minimize residual stress and at the same time to 

minimize support volume for build orientation optimization. To circumvent these problems, a voxel-based 

methodology is employed and improved to automatically generate layerwise Cartesian mesh and support 

structure along the build direction, see the results in Fig. 3(c). Note that uniform voxel-based mesh is 

generated in this work, which may lead to large number of elements for FEA. To ensure the efficiency of 

the analysis, the selection of element size is based on the convergence study of h-version finite cell method 

(FCM) in [26].   

 

                                      (a)                                                 (b)                                            (c) 

Fig. 3. Component for aerospace: (a) CAD model; (b) STL file; (c) voxel-based mesh and support 

generation. 

The voxel-based support generation was first proposed by Paul et al. [19] to minimize support volume and 

reduce form errors in the AM process. Das et al. [20] further extended this approach to minimize support 

structure volume and support contact area, and at the same time, maximize support structure removal to 

satisfy all the GD&T callouts. The voxel-based approach converts Stereolithography (STL) file into voxel 

discretization using ray tracing methods [35, 36], and add support voxel based on the overhang facets 

detection. Although the facet overhang detection in Ref. [20] can reduce the support volume compared with 

the method in [19], it may lead to underestimation of the volume in the overhang structures that need to be 
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supported. An overhang benchmark is designed to illustrate the performance of these two previous methods. 

As illustrated in Fig. 4, there are four different overhang structures in the benchmark. 

 Case 1. A horizontal overhang facet connected with two facets that satisfy the overhang angle. Support 

structure only needs to add under the horizontal facets. 

 Case 2. A concave feature consisted of two facets that satisfy the overhang angle (i.e. 45° along the 

build direction) requirement. No support structure is needed for this feature. 

 Case 3. A convex feature consisted of two facets that satisfies the overhang requirement but needs 

support structure added along the overhang edge. 

 Case 4. A convex feature consisted of four facets that satisfies the overhang requirement but needs 

support structure added to the protruding point overhang. 

 

                                                (a)                                                                  (b) 

Fig. 4. Benchmark of the overhang for voxel-based detection, (a) angled bottom view; (b) home view. 

Using the method in [19], the overhang detections for the benchmark are highlighted in Fig. 5 (a) while the 

voxel-based support generation is illustrated in Fig. 5 (b). As can be seen, this method tends to support all 

the undercut discussed in Cases 1-4 and leads to an overestimation for the support structure calculation, 

making it difficult to remove support structure for metal AM.  

 

                                              (a)                                                                  (b) 

Fig. 5. Overhang detection in [19] and its voxel-based support generation for benchmark: (a) overhang 

detection; (b) voxel-based support generation and mesh generation. 

The overhang detection, voxel-based support generation according to the work of [20] are illustrated in Fig. 

6. As shown in the figure, when only the facet overhangs are detected, support structure described in Cases 

2, 3 and 4 is removed from the support voxel compared with the result in Fig. 5 (b). For edge overhang and 
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point overhang discussed in Cases 3 and 4, the support generated by this method is obviously an 

underestimation, because the floating structures in those two cases can lead to failure of an AM build.  

       

                                         (a)                                                                          (b) 

Fig. 6. Overhang detection in [20] and its voxel-based support generation for benchmark. (a) overhang 

detection; (b) voxel-based support generation and mesh generation. 

To address the issues of overhang detection in those previous voxel-based methods [19, 20], similar to the 

work of [34], the overhangs are divided into three categories: Facet overhang, edge overhang and point 

overhang, whose definition are given below:  

 Facet overhang is a downward triangular facet in STL file which included angle 𝜃(𝒏𝑖
𝑓
, 𝒏𝑝) of its 

normal 𝒏𝑖
𝑓

 to the printing direction 𝒏𝑝 is not less than a threshold value, 𝜋 − 𝜃𝑓, where 𝜃𝑓 denotes the 

smallest angle of a facet that can be printed without support structure. Figure 7(a) illustrates the 

definition of the included angle of facet about the printing direction 𝒏𝑝 , the corresponding 2D 

description is shown in Fig. 7(b). It can be seen when 𝜃(𝒏𝑖
𝑓
, 𝒏𝑝) is larger than the threshold value 

𝜋 − 𝜃𝑓 (i.e. 
3

4
𝜋), the included angle 𝛾 between the facet and the horizontal surface (i.e. the black dash 

line in Fig. 7(b)) is smaller than a critical value 𝜃𝑓  (i.e. 𝜃𝑓 =
𝜋

4
), which can lead to collapse of the 

manufacturing. Then, the facet 𝑖 is labeled as a facet overhang and saved in set of 𝑂𝑓. Otherwise, the 

facet is grouped into self-supporting facets, which can be printed out without support structure. 

 
Fig. 7. Definition of included angle of facet about the printing direction: (a) included angle of normal 

of 𝑖𝑡ℎ facet and printing direction, (b) 2D description of included angle for facet 𝑖. 
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 Edge overhang is a downward convex edges that do not belong to the facet overhang and at the same 

time the included angle between the normal of an edge 𝒏𝑗
𝑒 and the printing direction 𝒏𝑝 is not less than 

a critical angle 𝜋 − 𝜃𝑒, where 𝜃𝑒 is the threshold angle of edges that can be printed without support 

structures. Figure 8(a) illustrates the definition of the normal of edge 𝑗, which is the addition of normal 

𝒏𝑗1
𝑓

 and normal 𝒏𝑗2
𝑓

, where 𝒏𝑗1
𝑓

 and 𝒏𝑗2
𝑓

 are the normal of two facets (𝑗1 and 𝑗2) that are connected by 

edge 𝑗. As shown in Fig. 8(b), similar to the definition of facet overhang, when the included angle of 

edge normal 𝒏𝑗
𝑒 and printing direction 𝒏𝑝 is larger than the threshold value, 𝜋 − 𝜃𝑒  , the edge is labeled 

as an edge that needs to be further analyzed for edge overhang; otherwise, the edge is safe for printing 

without support structures. 

 
Fig. 8. Definition of the edge normal: (a) included angle of normal of 𝑗𝑡ℎ edge and printing direction; 

(b) 2D description of included angle for edge 𝑗. 
 

In the work of [34], the definition of the edge normal is the average of the normal of its two incident 

facets. However, it is found that this definition may include some edges that satisfy the manufacturing 

requirement. As discussed in the four cases of benchmark, although the included angle of the edges in 

Case 2 and Case 3 are same, Case 2 does not need support structure while Case 3 requires support 

structure. To address this issue, an additional variable 𝛼𝑗 for edge 𝑗 is introduced and a constraint is 

added to distinguish edges in Case 2 and Case 3. The definition of introduced angle 𝛼𝑗 is given in Fig. 

9 and can be calculated using 𝛼𝑗 = 𝜃(𝒏𝑗1
𝑓
, 𝒏𝑗2

𝑗1
), where 𝒏𝑗1

𝑓
 represents normal of facet 𝑗1 for edge 𝑗, 

𝒏𝑗2
𝑗1

 is a vector which tail is the point of facet 𝑗1 that is not on edge 𝑗 and the head is the remaining 

point of facet 𝑗2, refer to Fig. 9(a). It can be seen when 𝛼𝑗 ≥
𝜋

2
, the edge is a convex structure, while 

when 𝛼𝑗 <
𝜋

2
, the edge is a concave structure. Thus, the additional constraint of 𝛼𝑗 ≥

𝜋

2
 is added to 

ensure only the downward convex edge is identified in the edge overhang detection.  
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Fig. 9. Edge with the same normal but different support requirement: (a) downward concave edge 

without requirement of support structure (b) downward convex edge needs to be supported. 

 

 Point overhang is a point on the downward facet that is lower than its neighbor points and at the same 

time belongs neither to the facet overhang group nor to the edge overhang.  

Once the overhang facets, edges and points are detected based on the three schemes, the ray tracing method 

[35, 36] is employed to generation voxels for the bulk component and its support structures. By using the 

new detection methodology, the overhang detection and voxel-based support and mesh generation are given 

in Fig. 10(a) and (b), respectively. It can be seen both the downward convex edge overhang and point 

overhang are identified and the corresponding support voxel is added in the voxel design. Comparing with 

the previous method, the new methodology can provide more accurate support volume calculation and 

voxel mesh generation for the analysis. 

       

                                             (a)                                                                   (b) 

Fig. 10. New overhang detection and voxel-based support generation for benchmark: (a) overhang 

detection; (b) voxel-based support and mesh generation. 

It is noted that the software code for overhang detection and voxel mesh generation for both solid part and 

support structures is developed and implemented in MATLAB 2016a. There are three main functions for 

the implementation. First, a function is developed to read STL file and detect overhang faces, edges and 

points based on the norms of triangle facets of a given STL file. Second, a function of ray tracing method 

is developed to covert the STL file to voxel representation, in which the voxels corresponding to the 

detected overhang features are labeled (e.g. the yellow voxels in Fig. 10 (b)) for support generation. Third, 
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based on the labeled voxels, a function is developed to generate support voxels and combine with part 

voxels obtained from previous function to form Cartesian mesh for FCM analysis. 

3. Voxel-based Fast Process Modeling for Calculation of Maximum Stress 

3.1 Mechanical Properties of Lattice structure: Elasticity and Plasticity 

In this work, lattice structure is used as the support material to dissipate heat and provide strength to anchor 

the bulk component to the substrate. Comparing with the block shell support structure widely used for metal 

AM, refer to Fig. 11(a), the prominent characterization of lattice structure is its open-cell and self-support 

nature. This makes it an ideal material for support structure, since it can be printed out without support 

structure and also allows the trapped powder to be easily removed. Although lattice structure is an efficient 

material for support structure, it is computationally expensive to explicitly perform full-scale simulation to 

model the microstructural feature of lattice structure for metal AM. The major challenge is the mesh 

generation and considerably computational cost for detailed simulation on the microstructure of lattice 

materials.  

 

                                                 (a)                                                                      (b) 

Fig. 11. Structure for support structure: (a) block shell support structure; (b) lattice structure. 

To avoid time-consuming computation for lattice structure, asymptotic homogenization (AH) [37, 38] 

method is employed to compute the effective elastic properties of lattice structure, while a multiscale model 

[31] is proposed to capture the anisotropy. By performing analysis on representative volume element (RVE) 

of lattice structure, a homogenized model is developed to treat lattice material as continuum material with 

equivalent properties. This simplifies the analysis concerning microstructural feature of lattice structure to 

analysis based on the homogenized model. Thus, full-scale simulation on lattice structure is circumvented 

by utilizing equivalent properties obtained from homogenized model to the elements in the support design 

domain. This makes it possible to conduct optimization to iteratively find the optimal orientation to 

minimize maximum residual stress. Appendix A details the AH method used to compute both effective 

elastic properties and yield strength of lattice material based on the analysis on RVE model. Detailed 

information on the AH method can be found in Refs. [1, 31, 38]. 

In this work, to study the influence of microstructure of lattice materials on residual stress of the AM 

component, three different types of lattice structure are studied. As shown in Fig. 12, the three lattice 

structures are cubic, cross, and diagonal. The major difference of these three lattice structures is that the 

“cross” lattice added crossing ligaments to the faces of the “cubic” lattice, while the “diagonal” lattice adds 

crossing ligaments to the diagonals of the “cubic” lattice. We would like to investigate the influence of the 

distribution of ligaments on the stress distribution.  Figure 12 (d) illustrates support structure design for the 

overhang benchmark mentioned in Section 2 using cubic lattice structure.  
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                                        (a)                                        (b)                                    (c) 

 

(d) 

Fig. 12. Lattice structure used for support design: (a) cubic, (b) cross, (c) diagonal, and (d) support 

structure design for overhang benchmark. 

3.2 Inherent Strain Method for Fast Prediction of Residual Stress 

Powder bed metal AM is a process to selectively melt metal powder in a layer-by-layer fashion according 

to the contour of the sliced CAD model. Once one layer of powder is melted and solidified, a fresh layer of 

powder is spread by a roller while the melting and solidification process is repeated until the entire part is 

successfully manufactured. Although metal AM technique has the ability to fabricate parts with complex 

geometry, residual stress induced failure is a severe issue for this advanced technology. As explained in [2, 

39, 40], two mechanisms introduce residual stresses into the build component at mesoscale, refer to Fig. 13. 

At first, when a single layer of powder is rapidly scanned by the laser beam, a transient heat is input on the 

upper surface and leads to a steep temperature gradient. The heated layer tends to be freely expanded. 

However, due to the restriction of the surrounding area, an elastic compressive strain is introduced on the 

top surface. When the yield strength of the material is reached, plastic compression will occur on the top 

layer, as shown in Fig. 13(a). Second, in the cooling process of the molten top layer, the heated layer tends 

to shrinkage due to thermal contraction. Owing to the inhibition of the underlying material, the shrinkage 

is prevented, and a tensile stress is introduced on the top of the added layer, refer to Fig. 13(b). In the entire 

manufacturing process, each layer may experience several heating and cooling cycles at inconsistent level, 

which leads to the accumulation of the residual stresses, and thus the undesirable large deformation, cracks, 

delamination, etc.  
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Fig. 13. Two mechanisms of residual stresses generation at mesoscale 

Build orientation plays an important role in residual stresses accumulation, since it determines the support 

structure generation and thus the distribution of stress and strain introduced by the manufacturing process. 

Consider the dogbone shown in Fig. 14(a) as an example. The dogbone is built in three different directions 

(i.e. 0°, 45° and 90° by y-axis, refer to Fig. 14 (b-d)) with support structures added to support overhanging 

structures, which are detected by the method proposed in Section 2. It can be observed that the support 

structures vary a lot among the three build orientations. This illustrates that as the build orientation is 

changed, the manufactured volume, especially the support structure volume, is changed. To examine the 

influences of the build orientation, fast process simulation by using the inherent strain method [27-30] is 

performed to calculate the residual stress distributions for the three build orientations. Figure 14 (e-g) show 

the three residual stress distributions. As can be seen, the maximum normalized residual stress by Hill’s 

stress measure (refer to Appendix A) of the horizontal orientation in Fig. 14(e) is 2.30, the maximum value 

of orientation 45° in Fig. 14 (f) is 1.62, and the maximum value of orientation 90° in Fig. 14 (g) is 1.14, in 

which the vertical orientation in Fig. 14 (g) exhibits the smallest maximum residual stress comparing with 

another two build orientations. This demonstrates that build orientation has significant influence on the 

residual stress distribution. Hence, it is possible to address the residual stress induced failure through 

optimization for the build orientation. 
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Fig. 14. Influence of build orientation on a generic dogbone. (a) CAD model of a dogbone (b) mesh of the 

dogbone is oriented 0° by y-axis (c) mesh of the dogbone is oriented 45° by y-axis (d) mesh of the 

dogbone is oriented 90° by y-axis; (e) normalized residual stress distribution of 0° orientation (f) 

normalized residual stress distribution of 45° orientation (g) normalized residual stress distribution of 90° 
orientation. 

However, it is challenging to perform iterative optimization for residual stress minimization due to the 

expensive computational cost for both mesh generation and simulation for full-scale thermomechanical 

process. For the former challenge, voxel-based Cartesian mesh generation proposed in Section 2 is used to 

circumvent the mesh generation issue. While for the second challenge, the most accurate way for residual 

stress estimation is to perform detailed simulation where the powder melting and solidification process is 

modeled in detail based on the printing strategy. It has been proved that such high-fidelity analysis can 

provide accurate prediction for temperature history and deformation field [41-45]. Nevertheless, this type 

of simulation takes tens of hours for even a small-scale build and makes it impractical for part-scale problem. 

To make the proposed optimization method practical, the inherent strain method is employed in this work 

to efficiently simulate residual stress inherent in the DMLS process. There have been a number of published 

works regarding the development of this method for AM.  Keller et al [46] developed a multi-scale approach 

to extract inherent strain tensor components and implemented the inherent strain method by pure 

mechanical simulation. Good agreement was observed between computed distortion and experimental 

measure in their work. Li et al [40] developed a multi-scale finite element model for fast prediction of 

distortion of parts manufactured by selective laser melting (SLM) process; however, no details were given 

on how to extract the inherent strain tensor in this work. Recently, Bugatti et al [29] developed a finite 

element AM simulation based on the inherent strain method and discussed the limitations and strengths of 

inherent strain method for prediction of residual deformation in metal AM through experiments. As 

illustrated in this work, the difference for the prediction of residual distortion between the calibrated 

inherent strain method and experimental measure is less than 100 μm. Liang et al [28, 47] proposed a 
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modified inherent strain method for laser engineered net shaping (LENS) and conducted experiments to 

validate the predicted residual distortion. Based on Liang et al [28, 47], a maximum of 10% error for the 

predicted residual distortion is observed. Setien et al [48] presented an empirical methodology to determine 

inherent strains and validated it using the twin-cantilever beam made in Ti6Al4V alloy. Bilal et al [30] 

experimentally showed that residual stresses predicted by inherent strain method agree well with the value 

measured by contour method. Marvin et al [49] applied X-ray diffraction to measure the residual stress for 

a small test samples and compared with the prediction from inherent strain method. It is found that the 

inherent strain method provides reliable prediction of residual stresses.    

Although the inherent strain method has been employed to simulate residual stress and distortion of AM 

components, there are two major limitations of the existing methodology. First, the prominent feature of 

the inherent strain method is its replacement of the complex thermomechanical process by a pure 

mechanical analysis. This simplification results in lack of detailed information regarding thermomechanical 

history of the printing process. Second, the inherent strain method is based on the assumption of continuum 

description for powders in the simulation. This neglects the powder distribution and makes it impractical 

to simulate morphology of melting pool, evolution of microstructure, as well as the local defects (e.g. less-

fusion, porosity, spatter, denudation, keyholing) for an AM part. However, the goal of this work is to 

develop an optimization method for build orientation to address the residual stress induced build failure at 

part-scale level. Hence, the limitations of inherent strain method at microscale are neglected, while the 

unique capability of inherent strain method for efficiently simulating residual stress for larger model is 

utilized to perform build orientation optimization. For detailed theory and validation for the inherent strain 

method, readers are referred to Refs. [28, 30, 49]. With regard to implementation of the proposed method, 

the fictitious domain method [50-52] (i.e. finite cell method (FCM)) is applied to perform inherent strain 

method and compute residual stresses. The FCM method belongs to the fictitious domain method/immersed 

boundary method (IBM) and proposed by Parvizian et al [26] to avoid error-prone conformal mesh 

generation. It has been successfully applied to solve various problems, such as non-linear analysis [24], 

transport problem in porous media [53], biomechanical analysis [23, 54], etc. The detailed implementation 

of FCM for inherent strain method is given in Appendix B. 

4. Optimization Model for Minimizing Support Structure Volume and Residual 

Stress 

In the Sections 2 and 3, the methodology for calculating support structure volume and residual stress have 

been explained. Open-cell lattice structure is used as the support structure to anchor the solid component to 

build tray. When the volume fraction of the support structure is set to a constant value (e.g. 𝑉 = 0.3) to 

ensure manufacturability, both the volume of support structure and stress distribution are assumed to be 

solely determined by the build orientation. This makes it possible to minimize the volume of support 

structure while reducing maximum residual stress simultaneously. However, these two objectives may 

conflict with each other. A build orientation optimized for support volume may lead to a reduction of 

support volume but result in an increase of maximum residual stress. To address the conflict between these 

two objectives, a multi-objective optimization model is proposed here to optimize the build orientation in 

order to minimize the maximum residual stress along with the total volume of the support structure by a 

weighting function.  Hence the maximum stress and the volume of support structure are combined using a 

linear function to form a single weighted aggregate optimization. The definition is given as follows: 

𝐹(𝜃, 𝜙) = 𝑤𝜆𝑉𝑠(𝜃, 𝜙) + (1 − 𝑤)�̅�𝑚𝑎𝑥
𝐻 (𝜃, 𝜙)                                     (1) 

𝑠. 𝑡.   𝐊𝐔 = 𝐅𝑖𝑛 
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−𝜋 ≤ 𝜃 < 𝜋                                                              (2) 

                                                                                  −𝜋 ≤ 𝜙 < 𝜋 

where 𝜃 and 𝜙 are the angles by which the part is rotated about 𝑥 and 𝑦 axis, respectively, and 𝐹(𝜃, 𝜙) 

represents the combined objective function; 𝑉𝑠 is the volume of support structure calculated from support 

voxel; �̅�𝑚𝑎𝑥
𝐻  denotes the normalized maximum residual stress in the domain including both the support 

structure and bulk component. 𝑤  is the weighting value used to provide the flexibility to vary the 

contribution of the different objectives to the combined objective function. 𝜆 represents the scaling factor 

used to ensure that the support volume is within the same order of magnitude as the maximum stress. The 

two inequalities in Eq. (2) impose the constraints of the rotation angle about the x and y axes. Note that z 

axis is assumed to be the printing direction.   

Since the explicit mathematical model between the objective function in Eq. (1) and design variables are 

difficult to obtain, the heuristic optimization method named particle swarm optimization (PSO) [55] is 

employed to find the optimal solution. For multi-objective optimization problem, due to the conflict among 

competitive objectives, there exists more than one optimal solutions, which are referred as Pareto Optimal 

solutions [56]. The solutions within the Pareto Optimal solutions are considered equally optimal. 

Particularly in this work, the solutions with minimum height are selected as the optimal design since the 

manufacturing time is determined by the height of the part. The lower the part, the less the time it takes to 

print. 

5. Numerical Examples and Experimental Validation 

For validation purpose, a realistic industrial component is used to investigate the performance of the 

proposed orientation optimization framework. The aims of the investigation include studying the effects of 

1) three overhang strategies on the minimum support volume calculation, 2) different types of lattice 

structures on the minimization of maximum residual stress, and 3) multiple objective optimization on the 

final design. To examine the performance of the optimal design for stress minimization, the designed 

component is printed out by the EOS M290 DMLS system in Ti6Al4V and compared with the non-optimal 

design and default design provided by the Magics software widely used for inserting supports into a build 

prior to printing.  

The material properties of Ti6Al4V is used in the analysis include Young’s modulus (𝐸 = 110 GPa), 

Poisson’s ratio (𝜈 = 0.3), and yield strength (𝜎𝑦
∗ = 1,060 MPa). Without losing generality, the stresses 

illustrated below are normalized by the material’s yield strength. When the local normalized stress is larger 

than 1, the material is undergoing plastic deformation; when the stress is smaller than 1, the stress state is 

elastic. The new overhang detection algorithm proposed in Section 2 is applied to compute the support 

volume. The inherent strain method, coupled with homogenized model of the lattice structure (introduced 

in Section 3), is employed to compute residual stress of the support domain and bulk component domain 

very efficiently. To ensure manufacturability of the support design, the volume fraction of the support 

structure is set to be 𝑉 = 0.3, and the lowest point of the component to the build tray is 7 mm for the 

purpose of component post-removal. Particle swarm optimization (PSO) method is applied to solve the 

optimization problem in Eq. (1-2) [55]. The optimization is terminated when the change of the objective 

function within five successive iterations is smaller than 1 × 10−3 while the minimum iteration number 

constraint (i.e. 10 iterations at least) is satisfied. The FCM method for executing the inherent strain method 

and multi-objective PSO method are implemented using MATLAB 2016a. Generation of the lattice 

structure support is conducted by an in-house software code based on the application programming interface 

(API) of Autodesk Inventor Professional 2018. The computer with configuration of 7-core Intel(R) Xeon(R) 
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CPU E5-2687 v3 @ 3.10 GHz is used for the mesh generation, FCM analysis, and optimization. Without 

specific notation, the computational cost discussed in the following section is calculated in this computer.  

5.1 Minimization of the Support Volume Based on the Proposed Overhang Detection 

In this case, a realistic industrial component is taken as the objective to compare with the three overhang 

detection methods described in Section 2. Figure 15 illustrates the CAD model and STL file of the bearing 

bracket used for the investigation. As shown in the figure, the bracket has two major features: One is the 

cylinder, which has an inner diameter of 18 mm and external diameter of 30 mm; the other is the base plate 

including two bolt holes used to fix the whole structure, whose dimension is 48 × 36 × 8 mm3. The two 

features are connected by a rib structure with a constant thickness of 8 mm. Due to its complexity, it is 

difficult to empirically determine the optimal orientation of the component to minimize support volume 

and maximum residual stress simultaneously. This case mainly focuses on the minimization of support 

volume and 𝑤 in Eq. (1) is equal to 1. Hence, the optimization problem becomes a single support volume 

optimization for finding the optimal build orientation. Considering the symmetry of the component along 

the 𝑥 − 𝑧 plane, the ranges of the rotation of the part are 𝜃 ∈ [−𝜋, 𝜋] and 𝜙 ∈ [0, 𝜋], respectively. In the 

optimization, 32 points are being uniformly distributed in the design domain as the initial particles for the 

PSO method. The three overhang detection schemes introduced in Section 2 are employed here for 

comparison purpose.  

 

                                                  (a)                                                                 (b) 

Fig. 15. Bearing bracket for investigation of the optimization framework. (a) CAD model (b) STL file. 

Figure 16 illustrates the initial state of the particles for the PSO method, the convergence history of the best 

position and the optimal support design with the build tray. The black dots given in the contour plot of Fig. 

16(a) and the surface plot of Fig. 16(b) are the orientations of the particles. As shown in Fig. 16(a) and (b), 

there exists many local optima in the searching space according to the initial particles. By moving these 

particles using the PSO method, the objective function goes from 4.511 × 104 mm3 to a converged value 

of 4.132 × 104 mm3, or a decrease of 8.4%. The optimal orientation of minimum support volume is given 

in Fig. 16(d), in which the orientation is (𝜃, 𝜑) = (𝜋,
𝜋

2
) .  
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                                       (a)                                                                                  (b) 

 

                                              (c)                                                                             (d) 

Fig. 16. Result of support volume minimization using the method in [19]. (a) Contour plot of the support 

volume at initial state (b) Surface plot of the support volume at initial state (c) Convergence history of 

best objective function at each iteration (d) Optimal support design. 

The results based on the facet overhang detection proposed in [20] are shown in Fig. 17 including contour 

plot and surface plot of initial state of the support volume. For comparison purpose, the initial orientations 

of the particles are identical to the previous one. As can be seen, due to the change of the overhang detection, 

the initial distribution of the support volume in Fig. 17(a) and (b) is different from the previous one. After 

40 iterations, the support volume is reduced to zero and the orientation coordinates are (𝜃, 𝜙)=(0.7192, 

2.7842).  As shown in Fig. 17(d), since at the optimal orientation, no facet overhang is detected, and the 

bulk component is suspended on the build tray, which is not feasible.  This shows that the single facet 

overhang detection strategy cannot guarantee successful support generation.  
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                                          (a)                                                                            (b) 

 

                                                    (c)                                                                   (d) 

Fig. 17. Result of support volume minimization using the method in [20]. (a) Contour plot of the support 

volume at initial state (b) Surface plot of the support volume at initial state (c) Convergence history of 

best objective function at each iteration (d) Optimal support design. 

The optimization result using the overhang detection proposed in this work is given in Fig. 18. Comparing 

with the other two methods, the initial contour plot and surface plot are similar to the results shown in Fig. 

17 (a), but the optimal result is much different due to the detection of edge and point overhang. The 

minimum support volume of the particles converges from 2.104 × 104 mm3 to 6.988 × 103 mm3 , or a 

decrease of 66.8%, and the optimal orientation is (𝜃, 𝜙) = (−2.356, 3.130). The optimal orientation 

obtained by the proposed methodology is different from the previous methods. 
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                                               (a)                                                                             (b) 

 

                                               (c)                                                                      (d) 

Fig. 18. Result of support volume minimization using the new method. (a) Contour plot of the support 

volume at initial state (b) Surface plot of the support volume at initial state (c) Convergence history of 

best objective function at each iteration (d) Optimal support design. 

The mesh generation was performed on the computer with 7-core CPU. The computation cost of voxel 

mesh generation, overhang detection and volume calculation for the bearing bracket using the in-house 

MATLAB code was 0.5644 seconds per orientation, which equates to 24.08 mins in total for 80 iterations 

shown in Fig. 18. For comparison purpose, the bearing bracket was meshed by body fit mesh of the same 

element size (e.g. 1 mm) and the same number of computer cores using ANSYS v18.2. The computation 

cost was 6 s and so is 11 times longer than the proposed voxel mesh generation. This implies that the 

proposed voxel-based support structure detection and mesh generation is much faster than the body-fit mesh 

method and makes it desirable for support volume calculation and mesh generation for iterative 

optimization. 
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5.2 Study of the Design with Different Lattice Structure 

In this sub-section, the single objective of minimizing maximum residual stress is performed based on 

different types of lattice structures given in Fig. 12. The bearing bracket used in the previous case is utilized 

to compare the influence of microstructure of lattice structure on the optimal orientation for minimization 

of maximum stress. Note that the volume fraction of lattice structure is set to be 𝑉∗ = 0.3 to ensure 

manufacturability. In the optimization, there are 18 particles uniformly distributed in the design domain (i.e. 

6 points for 𝜃 ∈ [−𝜋, 𝜋], and 3 points for 𝜙 ∈ [0, 𝜋]). The goal of the optimization is to minimize the 

maximum residual stress through the adjustment of build orientation on the build tray. For comparison 

purpose, the stress distributions of bearing bracket with the support structure consisting of the three lattice 

structures at default position are illustrated in Fig. 19(a-c). It can be seen that although the stress 

distributions are different, the larger stresses are mainly distributed at the bottom surface of support 

structure along the build tray, where most cracks are typically formed in the AM process. The maximum 

normalized residual stresses for three lattice structures are much higher than the yield strength of unity (i.e. 

1.71, 1.85 and 2.02, respectively). This can lead to severe delamination and warpage during the printing 

process.  

 

Fig. 19. Normalized stress distribution of bearing bracket with support structure consisting of different 

lattice structure. (a) Cubic lattice structure,�̅�𝑚𝑎𝑥
𝐻 = 1.71, (b) Diagonal lattice structure, �̅�𝑚𝑎𝑥

𝐻 = 1.85 (c) 

Cross lattice structure, �̅�𝑚𝑎𝑥
𝐻 = 2.02. 

To examine the efficiency of the inherent strain method, the three designs with lattice structure as their 

support, as well as the design with default support structure provided by the Magics software are printed 

out for deformation observation. Figure 20 illustrates the CAD models of the four designs. It is noted that 

the design of support structure from the Magics software is the default setting with a volume fraction of 0.4.  
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Fig. 20. CAD model of the bearing bracket with support structures for printing test: (a) design of cubic 

lattice support structure (b) design of diagonal lattice support structure (c) design of cross lattice support 

structure (d) design of shell wall support structure from Magic software. 

For validation purpose, the four designs in Fig. 20 were printed out and the samples are illustrated in Fig. 

21. As shown in the figure, although the bearing brackets were “successfully” manufactured using powder 

bed metal AM, cracks and large deformation are observed and highlighted by red box. Compared with the 

default support structure design from the Magics software, the designs with lattice structure support exhibit 

better performance for the deformation control. For instance, the support from the Magics software detaches 

from the build tray and has severe cracks and delamination for the manufactured part, see Fig. 21 (b), while 

the design with lattice structure support shows relatively small deformation. On the other hand, although 

lattice support structure can significantly reduce the deformation of the part, warpages are observed at the 

bottom surface of the bracket around the corners of the horizontal plate. It is consistent with the stress 

distribution in Fig. 19, where the maximum stress emerges near the corners of the bottom surface. This 

demonstrates that the proposed fast process modeling framework can provide good guidance to possible 

build failure for the laser powder bed AM process.  
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Fig. 21. Printed samples in default orientation with different support structures: (a) side view of the 

bearing bracket with cubic lattice support structure, (b) side view of the bearing bracket with shell wall 

support structure, (c) side view of the bearing bracket with cross lattice support structure (d) side view of 

the bearing bracket with diagonal lattice support structure, (e) front view of the printed bearing bracket. 

Note that cracks are highlighted by red box in figure (a-d). 

The following task is to apply the proposed method to find an optimal orientation for the bearing bracket 

based on different lattice structure supports. The first test is the cubic lattice structure, whose geometry is 

given in Fig. 12 (a). The material properties obtained from the homogenized model for elasticity and 

multiscale model for plasticity are applied to the support voxels in the analysis to calculate the maximum 

residual stress. The initial distribution of the maximum residual stress is plotted in Fig. 22(a) and 22(b), 

respectively. It can be observed that the distribution is much difference from the support volume distribution 

given in Fig. 18(a). This implies that there is a trade-off between support volume minimization and 

maximum residual stress minimization. Figure 22(c) presents the convergence history of the optimization. 

The minimum value of the maximum normalized stress converges from 1.56 to 1.06 after 54 iterations with 

a reduction of 32.1%, while the bearing bracket is orientated at (𝜃,𝜙)=(-2.359, 0.08). The corresponding 

support volume in this orientation is 1.0212 × 104 mm4, which is 3.224 × 103 mm4 larger than the result 

of support volume optimization. The voxel-based mesh and the normalized stress distribution of the optimal 

design are given Fig. 22(d) and (e), respectively, while the realization of the support structure using cubic 

lattice structure is provided in Fig. 22(f) including the bottom view of the support. Compared with the 

optimal support volume in Fig. 18(d), the cylindrical feature is rotated to the downward direction of the 

building direction and the part deviates a little along the build direction (i.e. 𝜑 = 0.08). The bottom view 

also illustrates this observation. Another interesting observation is that the optimization tends to orient the 

part with edge overhangs. This implies that edge overhang for cubic lattice structure may have smaller 

residual stress.  
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                        (a)                                                          (b)                                                    (c)  

 

                       (d)                                      (e)                                             (f)  

Fig. 22. Orientation optimization of maximum residual stress minimization for bearing bracket with cubic 

lattice structure support: (a) contour plot of the initially maximum normalized stress distribution; (b) 

surface plot of the initially maximum normalized stress distribution; (c) convergence history of the 

objective function; (d) and (e) optimal orientation and the corresponding normalized stress distribution; 

(f) optimal orientation design reconstructed by cubic lattice structure. 

The second test lattice structure is the diagonal lattice structure, whose geometry is given in Fig. 12(b). The 

optimization results for support structure consisting of diagonal lattice structure are illustrated in Fig. 23. 

Due to the change of the lattice geometry, the initially maximum residual stress distribution in Fig. 23(a) 

and (b) is different from the case of cubic lattice structure in Fig. 22(a) and (b), but the regions are much 

similar. The convergence history of the best objective function in each iteration is shown in Fig. 23(c). 

After 50 iterations, the best maximum normalized residual stress is reduced from 1.24 to 0.93, which is 

below the yield strength and a reduction of 25% after optimization. The bearing bracket is oriented in the 

direction (𝜃, 𝜙)=(-2.343, 0.004) and the support volume is 3.288 × 104 mm3. Due to the existence of the 

internal ligaments in the diagonal lattice structure, the optimal orientation and support volume are different 

from cubic lattice structure. The voxel-based mesh, normalized stress distribution and reconstruction for 

support structure design by diagonal lattice structure are given in Fig. 23 (d-f), respectively. From the 

bottom view of reconstruction, the part is more straightforward compared with the cubic design (i.e. 𝜑 =

0.004). 
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                             (a)                                                      (b)                                                 (c) 

       

                           (d)                                      (e)                                              (f) 

Fig. 23. Orientation optimization of maximum residual stress minimization for bearing bracket with 

diagonal lattice structure support: (a) contour plot of the initially maximum normalized stress distribution; 

(b) surface plot of the initially maximum normalized stress distribution; (c) convergence history of the 

objective function; (d) and (e) optimal orientation and the corresponding normalized stress distribution; 

(f) optimal orientation design reconstructed by diagonal lattice structure. 

Again, the stress optimization is conducted on the build with support structure consisted of the cross-lattice 

structure. Compared with cubic lattice structure, twelve ligaments are added to the six faces of the cubic 

lattice structure, refer to Fig. 12 (c). The optimization results are illustrated in Fig. 24. The objective 

function converges from 1.48 to 1.16 after 37 iterations and the bracket is oriented in the direction 

(𝜃, 𝜙)=(2.348, 0). The support volume at the optimal orientation is 3.007 × 104 mm3. For comparison 

purpose, the optimization results of the three lattice structures are tabulated in Table 1. Based on the 

comparison, it can be concluded that the geometry of the lattice structure has a significant influence on the 

stress optimization, in which the diagonal lattice structure exhibits the best performance among the three 

lattice structures. By rotating the component, the maximum residual stress can be considerably reduced, but 

cannot guarantee the magnitude of the maximum stress is less than the yield strength. Moreover, the 

computational cost per orientation and the total cost are also tabulated in Table 1. It can be observed that 

the simulation time per orientation is 20.9 s while the total optimization cost varies with the change of 

lattice structure. Differentiating from the support volume minimization, stress analysis is much more time-
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consuming than the volume calculation due to the process of FCM analysis for residual stresses. The general 

computation cost of build orientation for bearing bracket is 3-5 hours using the in-house code. The 

computation cost should be acceptable to practicing designers and operators as typical complex parts take 

days to build by powder bed process.  To further accelerate the optimization, potential improvement can be 

achieved in the future by implementing the proposed method using a GPU-based platform. 

 

                              (a)                                               (b)                                                   (c) 

 

                         (d)                                      (e)                                             (f) 

Fig. 24. Orientation optimization of maximum residual stress minimization for bearing bracket with cross 

lattice structure support. (a) contour plot of the initially maximum stress distribution; (b) surface plot of 

the initially maximum stress distribution; (c) convergence history of the objective function; (d) and (e) 

Optimal orientation and the corresponding normalized stress distribution; (f) optimal orientation design 

reconstructed by cross lattice structure. 

Table 1 Comparison of the optimization results of the three lattice structure types 

 Cubic Diagonal Cross 

Initially smallest maximum normalized stress 1.56 1.24 1.48 

Optimized maximum normalized stress 1.06 0.93 1.16 

Optimal orientation (𝜙,𝜑) (-2.359, 0.08) (-2.343, 0.004) (2.348, 0) 

Support volume of optimal orientation (mm3) 1.0212 × 104 3.288 × 104 3.007 × 104 

Total Iteration 54 50 37 
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Average computational cost per orientation 

(seconds) 
20.9 

Total computational cost (hours) 5.62 5.21 3.85 

 

To examine the performance of the proposed methodology, the three designs shown in Fig. 22(f), Fig. 23(f) 

and Fig. 24(f) are printed out in Ti6Al4V using the EOS DMLS system. Compared with the samples shown 

in Fig. 21, it can be observed in Fig. 25 that all the three designs are successfully printed out without obvious 

deformation. This implies that although the maximum residual stress is larger than yield strength for cubic 

and cross lattice supports, the components can still be printed out successfully without obvious cracks. The 

photos also prove that the overhang detection and support structure generation are efficient for a given 

component.  

 

Fig. 25. Photos of the printed-out bearing bracket with support structure consisted of three lattice 

structures. 

5.3 Study of Multi-objective Optimization 

In the previous two sections, a single objective function was developed to find a build orientation to 

minimize support volume or maximum residual stress. Minimizing both the support volume and maximum 

residual stress simultaneously may be more important for practical applications, since support structure as 

a sacrificial structure is removed after the manufacturing. To compare with the previous results, the same 

bearing bracket is employed, and different weight factor, such as 0, 0.2, 0.4, 0.6, 0.8 and 1.0, in Eq. (1) is 
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investigated. Note that diagonal lattice structure is used as the support material due to its good performance 

for stress minimization, and the volume fraction is set to be 0.3. There are eighteen particles initially 

distributed in the design domain. The PSO method [55] is employed to conduct the optimization to 

minimize the two objectives together.  

The convergence history of the simultaneous optimization of support volume and maximum residual stress 

for different weight factors are illustrated in Fig. 26. Table 2 tabulates the corresponding optimal values of 

the objectives and design variables. Both of the two objectives oscillate remarkably in the first 30 iterations 

and then converge to the optimal results. By comparing the two objectives with respect to a weight factor, 

it can be observed that as the weight factor is increased from 0 to 1, the maximum normalized residual 

stress increases from 0.9334 to 1.31, while the minimum support volume decreases from 3.29 × 104mm3 

to 6.83 × 103 mm3. Especially, when  𝑤 = 0.4 and 𝑤 = 0.6, the support volume is on the same order as 

the minimum value, while the maximum residual stress is in the safe zone (i.e. less than yield strength). 

This implies that it is possible to orient a given component with prescribed lattice support to minimize the 

support volume, and at the same time ensure its manufacturability by minimizing the maximum residual 

stress below the material’s yield strength.  

     

 

                                             (a)                                                                                 (b) 

Fig. 26. Multi-objective optimization results for bearing bracket by considering both the minimum of 

support volume and the maximum residual stress with different weight factors. (a) Results of support 

volume; (b) Result of maximum normalized residual stress. 

Table 2 Comparison of the optimal results for different weight factors 

 𝑤 = 0 𝑤 = 0.2 𝑤 = 0.4 𝑤 = 0.6 𝑤 = 0.8 𝑤 = 1.0 

Optimal support 

volume (mm3) 
3.29 × 104 1.03 × 104 7.51 × 103 7.70 × 103 8.45 × 103 6.83 × 103 

Maximum 

normalized 

residual stress 

0.9334 0.9504 0.9546 0.9450 1.11 1.31 

Optimal 

Orientation 

𝜃 = −2.343 

𝜑 = 0.004 

𝜃 = −2.352 

𝜑 = 0.151 

𝜃 = −2.372 

𝜑 = 0.187 

𝜃 = 0.771, 
𝜑 = 2.954 

𝜃 = −2.365 

𝜑 = 2.975 

𝜃 = −2.356 

𝜑 = 3.130 
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Figure 27 illustrates the build orientation of the bearing bracket after optimization using different weight 

factors. As the weight factor is increased from 0 to 1, and the weight of the stress objective becomes less 

important, the cylindrical feature is gradually rotated upward to achieve the minimum support volume. It is 

also proved that the orientation of the component plays an important role in the build of the component, 

especially the manufacturability for metal AM components. Figure 28 illustrates the normalized stress 

distribution with respect to the six build orientations shown in Fig. 27. It can be observed that, when 𝑤 ≤

0.6, the maximum normalized residual stress of the four optimal orientations is at the same level (e.g. 

0.93~0.95), while for 𝑤 > 0.6, the maximum normalized stress is larger than the yield strength (e.g. 1.1~1.3) 

and larger stresses are mainly distributed in the support structures under the edge overhang.   

 

Fig. 27. Optimal results for bear bracket with different weight factor. (a) Voxel-based design for  

𝑤 = 0; (b) Voxel-based design for 𝑤 = 0.2; (c) Voxel-based design for 𝑤 = 0.4; (d) Voxel-based design 

for 𝑤 = 0.6; (e) Voxel-based design for 𝑤 = 0.8; (f) Voxel-based design for 𝑤 = 1.0. 

 

Fig. 28. Normalized residual stress results for bear bracket with different weight factor. (a) Voxel-based 

design for 𝑤 = 0; (b) Voxel-based design for 𝑤 = 0.2; (c) Voxel-based design for 𝑤 = 0.4; (d) Voxel-

based design for 𝑤 = 0.6; (e) Voxel-based design for 𝑤 = 0.8; (f) Voxel-based design for 𝑤 = 1.0. 

6. Conclusion 

In this work, a novel multi-objective optimization framework is proposed to automatically determine the 

optimal build orientation for complex components to minimize the support volume and maximum residual 

stress. First, a voxel-based methodology is employed to generate efficient Cartesian mesh for both bulk 

component and its support structure for FEA. Differentiating from previous works, a new overhang 

categorization scheme is developed to divide overhang voxels into three groups:  Facet overhang, edge 

overhang, and point overhang. A benchmark is designed to illustrate the efficiency of the new voxel-based 

support generation method. Instead of using the default support structure from the Magics software, cubic 
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lattice structures, such as simple cubic lattice structure, diagonal lattice structure and cross lattice structure, 

are used to investigate the influence of the lattice structure type on the orientation optimization. Due to its 

self-supporting and open-cell nature, lattice structure is an ideal structure for support structure design. The 

AH method and a multiscale model are employed to compute both the effective elastic and plastic properties. 

This avoids expensive computational cost to implementation of lattice structure for FEA. Second, the 

inherent strain method is used to efficiently perform analysis to compute the residual stress for the 

component printed by powder bed metal AM. To avoid the mesh generation in the optimization iterations, 

the voxel-based Cartesian mesh is used to discretize the design domain of a given component and solve the 

problem. The fictitious domain method (i.e. finite cell method) is used to conduct the analysis. Finally, a 

multi-objective optimization framework is proposed to find the optimal build orientation for a component 

with minimum support volume and/or maximum residual stress. Several numerical examples are studied to 

examine the performance of the optimization. First, we compare the new method with previous methods 

for support volume minimization. Second, the single objective of minimizing the maximum residual stress 

is performed for the realistic component with three different types of lattice structures. It is found that the 

geometry of lattice structure plays an important role in the optimal orientation for stress minimization. The 

diagonal lattice structure exhibits the best performance among the lattices that also include simple cubic 

lattice structure and cross lattice structure. In particular, the three designs are successfully printed out, which 

further demonstrate the efficiency of the proposed method. Third, multi-objective optimization for support 

volume and weight is conducted to the same component. It is observed that it is possible to achieve 

minimization of support volume while limiting the maximum residual stress under yield strength by 

selecting appropriate lattice structure. 

Note that although the proposed methodology can ensure manufacturability of AM builds, the removability 

of the lattice structure support by post-machining has not been considered and will be investigated in our 

future work.  Further studies could be performed to add other constraints to the optimization algorithm by 

considering area of the surface that is not accessible by post-machining. Another alternative to remove 

support structure is by using dissolvable support [57, 58], which is a self-terminating chemical process that 

dissolves a thin surface layer.  Hence, if the struts or walls in the lattice support are made thin enough, the 

support structure can be dissolved using this chemical process without any post-machining.  These topics 

will be investigated in future in order to completely solve the build failure and post support removal for the 

powder bed fusion process. 
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Appendix A 

1. Effectively Elastic Properties of Lattice Material  

AH method relies on an asymptotic expansion, which assumes that any field quantities (i.e. displacement) 

can be formulated by quantities as a separation of scales as follows: 

𝒖𝜖(𝒙, 𝒚) = 𝒖0(𝒙, 𝒚) + 𝜖𝒖1(𝒙, 𝒚) + 𝜖2𝒖2(𝒙, 𝒚) + ⋯                                (1) 

where 𝒙  and 𝒚  represent coordinate vector of the macroscale and microscale, respectively. 𝒖𝜖(𝒙, 𝒚) 

denotes the exact value of field quantities, 𝒖0is the average value that only varies at macroscopic level, 

while 𝒖1, 𝒖2, ⋯ represent the quantity perturbation at microscale due to the existence of microstructural 

features. 𝜖 is an amplification factor used to relate two scales 𝒚 =
𝒙

𝜖
, which implies that the field quantities 

at microscale varies 
1

𝜖
 times faster than the macroscale.  

To substitute Eq. (1) into the equilibrium equation, one can obtain the following unit cell problem [38]. 

∫ 𝐶𝑖𝑗𝑝𝑞휀𝑖𝑗
1 (𝑣)휀𝑝𝑞

∗ (𝑢)
𝑉𝑅𝑉𝐸

𝑑𝑉𝑅𝑉𝐸 = −∫ 𝐶𝑖𝑗𝑘𝑙휀𝑖𝑗
1 (𝑣)휀�̅�𝑞(𝑢)

𝑉𝑅𝑉𝐸
𝑑𝑉𝑅𝑉𝐸                     (2) 

where 𝑉𝑅𝑉𝐸  represents the volume of RVE, 𝐶𝑖𝑗𝑝𝑞 is the locally varies elastic tensor, 𝑢 denotes displacement 

while 𝑣 represents the virtual displacement. 휀𝑖𝑗
1  is the virtually fluctuating strain tensor, 휀�̅�𝑞  denotes the 

average strain tensor while 휀𝑝𝑞
∗ is the fluctuating strain tensor. By solving the unit cell problem in Eq. (2), 

one can obtain effective properties of lattice structure and macroscopic stress as: 

𝐶�̅�𝑗𝑘𝑙 =
1

|𝑉𝑅𝑉𝐸|
∫ 𝐶𝑖𝑗𝑚𝑛𝑀𝑚𝑛𝑘𝑙𝑑𝑉𝑅𝑉𝐸𝑉𝑅𝑉𝐸

                                         (3) 

and  

�̅�𝑖𝑗 =
1

|𝑉𝑅𝑉𝐸|
∫ 𝐶𝑖𝑗𝑚𝑛𝑀𝑚𝑛𝑘𝑙𝑑𝑉𝑅𝑉𝐸𝑉𝑅𝑉𝐸

휀�̅�𝑙                                      (4) 

where 𝐶�̅�𝑗𝑘𝑙  denotes effective elastic tensor while �̅�𝑖𝑗  is the macroscopic stress, and 𝑀𝑚𝑛𝑘𝑙  is the local 

structural tensor, which can be obtained by: 

𝑀𝑖𝑗𝑘𝑙 =
1

2
(𝛿𝑖𝑘𝛿𝑗𝑙 + 𝛿𝑖𝑙𝛿𝑗𝑘) − 휀𝑖𝑗

∗𝑘𝑙                                            (5) 

where 𝛿𝑖𝑗 is the Kronecker delta and 휀𝑖𝑗
∗𝑘𝑙 is the periodicity of the strain field.  

Considering the symmetry of the three lattice structures in Fig. 12, there are three independent elastic 

constants, and the elastic response can be formulated as:  

[
 
 
 
 
 
�̅�11

�̅�22

�̅�33

�̅�12

�̅�23

�̅�31]
 
 
 
 
 

=
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0
0
0
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2휀3̅1]
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where 𝐶1̅1, 𝐶1̅2 and 𝐶4̅4 represent three independent elastic constants computed from Eq. (3), which are the 

function of relative density, �̅�𝑖𝑗 and 휀�̅�𝑗  (𝑖, 𝑗 = 1,2,3) are the macroscopic stress and strain, respectively, by 

solving the governing equation at macroscale using constitutive model in Eq. (3).  

2. Anisotropic yield criterion for lattice material 

With regard to the stress calculation for lattice structure, a multiscale model proposed in [31] is used to 

relate macroscopic stress computed from homogenized model to microscale stresses of the lattice structure. 

The Hill’s yield criterion is employed to describe the relationship as:  

(�̅�𝐻)2 = 𝐴(�̅�11 − �̅�22)
2 + 𝐵(�̅�22 − �̅�33)

2 + 𝐶(�̅�33 − �̅�11)
2 + 2𝐷�̅�12

2 + 2𝐸�̅�23
2 + 2𝐹�̅�13

2     (7) 

where �̅�𝐻  represents effective Hill’s stress on macroscopic level and �̅�𝑖𝑗  denote effective stress tensor 

calculated based on the homogenized model from Eq. (10), 𝐴, 𝐵, 𝐶, 𝐷, 𝐸 and 𝐹 are plastic constants used to 

capture anisotropy of lattice material. It is noted that these plastic constants are a function of relative density. 

When the relative density of lattice structure is equal to one, �̅�𝐻 is degenerated to von Mises stress; when 

relative density is less than one, stress in Eq. (11) is used to capture the anisotropy of lattice material.  

According to the symmetry of the lattice structure in Fig. 12, the plastic constants can be further reduced to 

two, i.e. 𝐴 = 𝐵 = 𝐶 = 𝐾 and 2𝐷 = 2𝐸 = 2𝐹 = 𝑄, and the in-matrix notation, the Hill’s yield criterion can 

be written as:  

   (�̅�𝐻)2 = �̅�𝑇𝕄�̅�                                                      (8)  

where �̅� = {�̅�11, �̅�22, �̅�33, �̅�12, �̅�13, �̅�23}  represents macroscopic stress tensor; 𝕄  denotes the plastic 

constants matrix, and can be written as  

𝕄 =

[
 
 
 
 
 
2𝐾

−𝐾

−𝐾
0

0

0

−𝐾

2𝐾

−𝐾
0

0

0

−𝐾

−𝐾

2𝐾
0

0

0

0

0

0
𝑄

0

0

0

0

0
0

𝑄

0

0

0

0
0

0

𝑄]
 
 
 
 
 

                                               (9) 

By using the homogenized model in Eq. (3) and multiscale stress in Eq. (7), full simulation for lattice 

structure is simplified to analysis of continuum solid material with equivalent elasticity and yield 

performance. Since lattice structure is not modeled explicitly using very fine mesh, the AH makes it 

computational less expensive to model lattice structure using voxel-based mesh by assigning homogenized 

model and yield strength to the support voxel.   

Appendix B 

1. Implementation of Inherent Strain Method  

The implementation of the inherent strain method [28, 30, 49] based on FCM is described schematically in 

Fig. B1. As illustrated in the figure, the physical domain Ω of powder bed metal AM is consisted of three 

subdomains: Build tray domain Ω𝑡, support structure domain Ω𝑠, and the bulk component domain Ω𝑐. To 

simplify the mesh generation, the physical design domain Ω is embedded into a larger domain Ω𝑒 with a 

boundary of ∂Ω𝑒. For metal AM, build tray is fixed to a bulk plate to ensure the stability of manufacturing. 

Thus, a Dirichlet boundary condition of 𝒖 = 0 is subjected to the bottom surface of the build tray. Due to 
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the coincidence of bottom of build tray and extended domain Ω𝑒, the fixed boundary condition is directly 

extended to the bottom voxels in Ω𝑒.  

 

                         (a)                                                       (b)                                                     (c) 

Fig. B1. The domain Ω in powder bed AM is embedded in voxel-based domain Ω𝑒. (a) Domain of printed 

component, which is combination of three subdomains: bulk component domain Ω𝑐, support structure 

domain Ω𝑠, and build tray domain Ω𝑡; (b) Fictitious domain, and (c) Embedding domain Ω𝑒. 

Based on the works of [25, 26], the weak form of equilibrium equation in the extended domain Ω𝑒 can be 

formulated as:  

𝑎𝑒(𝒖, 𝒗) = 𝑏𝑒(𝒗)                                                             (10) 

with the boundary condition of  

               �̅� = 0, 𝑜𝑛 Γ𝑒,𝐷                                                              (11) 

where 𝒖 and 𝒗 represent the displacement and test function, respectively. Γ𝑒,𝐷 is the Dirichlet boundary in 

the extended domain. The bilinear form is 

𝑎𝑒(𝒖, 𝒗) = ∫ [𝑩𝒗]𝑇𝜖𝑫[𝑩𝒖]
Ω𝑒

𝑑Ω                                                  (12) 

where 𝑩 represents the strain-displacement operator, 𝑫 denotes stiffness matrix, 𝜖 is a coefficient used to 

identify physical domain Ω and the fictitious domain Ω𝑒\Ω, and its definition is given as:  

𝜖(𝒙) = {
1.0             ∀𝑥 ∈ Ω        
10−𝜇           ∀𝑥 ∈ Ω𝑒\Ω

                                             (13) 

where 𝜇 is a factor used to avoid the singularity of the calculation and is set to be 8 to ensure the robustness 

of the calculation. In Eq. (12), the constitutive matrix 𝑫  is the effective properties for both the bulk 

component and support structure consisting of lattice structure. Homogenized model proposed in Eq. (3) is 

used for the material interpolation as 

𝑫 = �̅�(𝜌)                                                                  (14) 

where �̅�(𝜌) is the constitutive model computed by asymptotic homogenization with 𝜌 denoting the relative 

density of lattice structure. When 𝜌 = 1, the constitutive model is equal to the model of solid material 𝑫 =

𝑪∗; when 0 < 𝜌 < 1, the constitutive model is the model of lattice structure. Since the homogenization is 
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effective for 𝜌 ∈ [0,1], the material interpolation for calculation is unified into a single expression and the 

bilinear form can be written as:  

𝑎𝑒(𝒖, 𝒗) = ∫ [𝑩𝒗]𝑇𝜖�̅�(𝜌)[𝑩𝒖]
Ω𝑒

𝑑Ω                                              (15) 

The inherent strain is applied as a volume load, and the linear functional on the right-hand side of Eq. (10) 

can be expressed as:  

𝑏𝑒(𝒗) = ∫ 𝒗𝑇𝜖𝒇𝑖𝑛
Ω𝑒

𝑑Ω                                                            (16) 

where 𝒇𝑖𝑛  represents the loading obtained from the inherent strain. For three-dimensional problem, the 

inherent strain assigned on the element can be formulated as 

𝒇𝑒
𝑖𝑛 = ∫ 𝑩𝑇𝑫𝜺𝑒

𝑖𝑛
Ω𝑒

𝑑Ω𝑒                                                  (17) 

 After discretization, the weak form equilibrium equation in Eq. (12) becomes 

𝐊𝐔 = 𝐅𝑖𝑛                                                                    (18) 

where 𝐔 represents vector of displacement, 𝐊 and 𝐅𝑖𝑛 are the global stiffness matrix and global inherent 

strain load vector, respectively, which can be computed through the assembly of cell matrices as 

   𝐊 = ∑ (𝒌𝑖)
𝑛𝑐+𝑠+𝑡
𝑖=1 = ∑ (∫ 𝑩𝑇𝜖𝑫𝑩𝑑Ω

Ω𝑖
)

𝑛𝑐+𝑠+𝑡
𝑖=1                                     (19) 

and 

𝐅𝑖𝑛 = ∑ (𝒇𝑗
𝑖𝑛)

𝑛𝑐+𝑠
𝑗=1 = ∑ (∫ 𝑩𝑇𝜖𝑪∗𝜺𝑖𝑛𝑑Ω

Ω𝑗
)

𝑛𝑐+𝑠
𝑗=1                                   (20) 

where 𝑛𝑐+𝑠+𝑡 denotes total number of cell/voxel in the embedded domain including the domain of bulk 

component, support structure and build tray, 𝑛𝑐+𝑠 represents total number of cell/voxel in the domain of 

bulk component and support structure, 𝒌𝑖 and 𝒇𝑖
𝑖𝑛 are the cell stiffness matrix and cell inherent strain load, 

respectively. 

 


